Sisal fiber is an important agricultural product used in the manufacture of ropes, rugs and also as a reinforcement of polymeric or cement-based composites. However, during the fiber production process a large amount of residues is generated which currently have a low potential for commercial use. The aim of this study is to characterize the agricultural residues by the production and improvement of sisal fiber, called field bush and refugo and verify the potentiality of their use in the reinforcement of cement-based composites. The residues were treated with wet-dry cycles and evaluated using tensile testing of fibers, scanning electron microscopy (SEM) and Fourier transform infrared (FTIR) spectroscopy. Compatibility with the cement-based matrix was evaluated through the fiber pull-out test and flexural test in composites reinforced with 2 % of sisal residues. The results indicate that the use of treated residue allows the production of composites with good mechanical properties that are superior to the traditional composites reinforced with natural sisal fibers.
INTRODUCTION
The development of green buildings has become increasingly important due to the very low impact on the environment compared to conventional buildings. Furthermore, these buildings are planned to be economically viable and healthy places to live and work (GHAFFARIANHOSEINI et al., 2013) . This concept can also be applied to rural buildings where environmental comfort requirements are essential to ensure a higher animal welfare (FIORELLI et al., 2012) and, consequently, a greater quantity and quality of production of meat.
One of the main materials currently used in green buildings is the biocomposite: a combination of natural fibers (such as wood fibers, coir, hemp, jute, sisal, and flax) with polymer (RAMIRES et al., 2010) , bitumen (ALMEIDA & PASSINI, 2013) or cement-based matrices (FARIAS FILHO et al., 2010) . Natural fibers are biodegradable, renewable and widely available in Brazil. Their use as reinforcement of cement-based matrices has added advantages such as high toughness, post-cracking performance, resistance to impact (MELO FILHO, 2005) and thermal insulation (PADILHA et al., 2001; TONOLI et al, 2011) .
However, residues are generated during the production of natural fibers which have little or no commercial value. In the case of sisal fiber, after decortication ( Figure 1a ) only approximately 5% of the whole sisal leaf is used, leaving the remaining 95% as residue, which is separated in a rotating sieve (Figure 1b) in two types: i) leaf residues that can be used to generate bioenergy, animal feed and fertilizers productions or that are accumulated nearby rivers and streams, and ii) field bush which is composed of short sisal fiber and that currently has no application. During the drying process (Figure 1c ), sisal fibers are visually selected; those fibers which have no damage or impurities are then brushed and packed for export or are used as basic material for sisal-based products. The other fibers, called refugo, are used in construction industry as by-products in the installation of ceiling plaster. Agricultural residue applications as reinforcement of composites has been observed in the last years because it has physical and mechanical properties close to natural fibers (KARADE, 2010; CARNEIRO et al., 2010; RAUT et al., 2011) . Despite the recognized chemical incompatibility between the fiber and conventional cement matrix, in cement-based composites, the use of pozzolanic additives have avoided the chemical attack on the natural fiber and ensuring their durability (LIMA & TOLEDO FILHO, 2008) . However, fiber residues are hydrophilic resulting in poor adhesion at the fiber-matrix interface and loss of strength of the composite is observed. Aiming to enhance fiber behavior with cement-based matrices, chemical treatments have been studied but in many situations it can affect unfavorably the sisal tensile strength (LOPES et al., 2003 ). An alternative is the treatment of the fibers by the application of wetting-drying cycles. These cycles promotes a lower volumetric expansion of natural pulps and it can be used to improve the durability of mortars reinforced with cellulosic fibers (CLARAMUNT et al., 2010) . This phenomenon is called ''hornification'' and results in a rearrangement of the polysaccharides cellulose chains in a tighter way with the removal of water during the drying process. Thereby the micro-fibrils are joined with each other in the dry state as a result of the larger packing (DINIZ et al., 2004) . The fiber capillary voids are gradually closed with the cycles and can no lo nger be completely reopened with re-humidification.
The aim of this study was to investigate the possibility of using sisal fiber residues, refugo and field bush, as reinforcement of cement-based composites. To improve the compatibility with the cement matrix the fiber was modified by drying and rewetting cycles and the fiber-matrix bond and mechanical properties of sisal fiber residue reinforced cement-based composites were investigated
MATERIALS AND METHODS
Matrix mix design was 1:0.5:0.4 (binder: sand: water / cement ratio) by weight. A binder composed of 50% of Portland cement CP V (ASTM Type III) with specific gravity of 3.1 g/ cm -3 , 30% of metakaolin (specific gravity of 2.65 g.cm -3 ) and 20% of fly ash (specific gravity of 1.41 g.cm -3 ) was used. This ratio of fly ash and metakaolin aims to guarantee the durability of the fiber, as shown in the previous research (LIMA & TOLEDO FILHO, 2008; MELO FILHO, 2005) . The sand used was processed to obtain a maximum diameter of 1.18 mm and fineness of 1.79 mm. The particle distribution curves of materials are shown in Figure 2 . FIGURE 2. Granulometric analysis of materials.
Refugo and field bush were collected in the city of Valente, state of Bahia -Brazil. Sisal fiber was also used as reference. Initially, the fibers were washed in hot water (50 °C) to remove surface residues, such as mucilages, from the extraction process. Fiber treatment, conduced according to Ferreira et al. (2012) , consisted in immersing the fibers in water (T ~ 23 °C) and their removal after saturation (3 h) for drying in a furnace at a temperature of 80°C (16 hours). This procedure was repeated for 10 and 20 times.
The apparent diameter of the fibers was measured by an optical microscope (Quimis Q711FT Model; Motic Image Plus 2.0 software) at 10X magnification. For each fiber, the average of the three measurements of the width at three regions of the fiber was taken and considered as the apparent diameter of the fiber, whose cross section was admitted as circular. This method has been adopted by other researchers (KIM & NETRAVALI, 2005; TOMCZAK et al, 2007) despite the knowledge that the cross section of vegetable fibers are irregular and vary along the length of the fiber. Also because the use of more sophisticated methods (SILVA et al, 2008) have not led to a reduction of variability in the determination of the cross-sectional area. Consequently, the calculation of mechanical properties associated with the cross section of the fiber, such as tensile strength, have high coefficient of variation and many samples need to be used in the test.
The surface structure of the sisal fiber and sisal residues was investigated in order aiming to determine possible differences among the various fiber types and assess the treatment effectiveness using a scanning electron microscope (JEOL JSM-6460).
The Fourier transform infrared (FTIR) spectroscopy was used to analyze the composition change of the treated sisal residue. FTIR spectrum were obtained for both sisal and residue fibers using a Perkin Elmer spectrometer.
The tensile tests were performed in a TA.XT Plus Texture Analyzer with a load cell of 500 N. Figure 3a presents the test setup. The tests were performed with 20 fibers using a displacement rate of 0.03 mm.s -1 . The fibers with a gage length of 50 mm were glued to a paper template for better alignment in the machine and for a better gripping with the upper and lower jaws. The tensile strength was obtained at rupture load. To mold the pull-out specimens a special formwork of PVC tubes was developed (Figure 3b and 3c). Twelve specimens were cast with an embedment length of 20 mm. After 24 hours, the specimens were cured in a humid chamber at 23 ± 2 C and relative humidity of 95% for 14 days before the pull-out test. The tests were performed in a TA.XT Plus Texture Analyzer with a load cell of 500 N and a displacement rate of 0.02 mm.s -1 . The average interfacial strength was calculated using Eq. (1):
where: F = the maximum load measured, d = the fiber diameter, and l = fiber embedded length.
The matrix used in this study showed a flow table spread value of 345 mm according to the Brazilian Standards NBR 13276 . The mixtures were produced using a mixer with a capacity of 5 dm 3 . All dry components were homogenized in the mixer. Water was added and mixed for 2 min at low speed (125 rpm). After this, the process was stopped during 30 s to remove the material retained in the mixer. Then the mixing procedure continued for 2 min at medium speed (220 rpm) and finally for a further 5 min at the fastest speed (450 rpm). After the 2 min mixing at medium speed, the sisal fibers were added and mixed at the medium speed for 4 min. Chopped treated and untreated sisal fibers with 25 mm length were used in a 2% volume fraction.
The flexural strength of the composites was determined on prisms 40 x 40 x 160 mm 3 , according to NBR 13279 , after 28 days of cure, under a three point bending configuration. A 1000 kN testing machine was used, with a 50 kN load cell, at a rate of axial loading of 500 N.s -1 .
The flexural behavior was evaluated in prismatic specimens of dimensions 5 x 40 x 160 mm 3 . The specimens were tested on a 100 kN testing machine at a rate of an axial displacement of 0.2 mm.min -1 . The load and mid-span displacements, using a LVDT, were continuously recorded using a data acquisition system. The toughness index (FT) was determined using the formula given by Eq. (2):
where, n = 150; T = the energy required to deflect the beam to a midpoint deflection of L/150 of its free span (L), which in this study corresponds to a deflection of 0.73 mm; d and b = the depth and width of the specimen, respectively.
T value was obtained by the integration of the area below the load vs. the deflection curve at the corresponding deflection. Figure 4 shows the SEM images of the sisal fiber, refugo and field bush. The lateral structure of the different types of fiber is similar. However, in sisal residues, holes and rupture of the lateral wall of the fiber can be observed. Different cross-sections were also identified. The sisal fiber and refugo evaluated show a horse-shoe shape while the field bush shows a twisted arch shape.
RESULTS AND DISCUSSION a) sisal fiber residues properties
Side-by-side box-and-whiskers plots of the three fiber measures are shown in Figure 4 . The length of the box represents the middle 50% of the distribution, i.e. the top is the 75th percentile and the bottom the 25th percentile. The little box within the box is the median level. The extent of the lines (whiskers) above and below the boxes represents the remaining parts of the distribution. Examination of Figure 5 reveals that field bush values are more narrowly distributed. The widest distribution of values occurs with the sisal fiber. Sisal and refuge show an average apparent diameter of about 280 μm and 267 μm, respectively. The field bush, however, presents a apparent diameter of about 181 μm. This difference is associated with the localization of the fiber within the sisal leaf. The sisal plant leaf is a functionally graded composite structure which is reinforced by three types of fibers: structural, arch, and xylem fibers. The first occurs in the periphery of the leaf providing resistance to tensile loads while the others present secondary reinforcement, occurring in the middle of the leaf, as well as, a path for nutrients (SILVA & CHAWLA, 2008) . Figure 6 shows the effect of the treatment on fiber structure. Sisal fiber shows no significant change after 10 cycles and a little deterioration is observed in the sidewall after 20 cycles. For refugo, the presence of more imperfections and transversal cracks on its surface, after 10 cycles, and rupture of fiber cells, after 20 cycles are noted. Field bush fibers show the most important deterioration due to wet-dry cycles. After 20 cycles a total separation of fiber cells indicating the dissolution of middle lamellae, which are built up of hemicellulose, lignin and pectin is observed.
Another effect of wet-dry cycles on natural fibers is the stiffening of the polymer structure that takes place in lignocellulosic materials upon drying or water removal. SEM images of fiber cells of sisal fiber are shown in Figure 7 . After 10 cycles a reduction of volume of lumen and the presence of micro-cracks across fiber cells are noted. A reduction of the medium diameter of fiber, also reported by Ferreira et al. (2012) is observed after treatment, as shown in Table 1 . In order to evaluate the effect of the treatment on mechanical properties of fiber sisal and residues, tensile tests were performed. The calculated tensile strengths using equivalent fiber diameter are also shown in Table 1 . Comparing the different types of sisal-based materials used, it is found that tensile strength of field bush fibers untreated is similar to those of sisal fiber and that refugo fiber show a reduction of 25% in this property. It can be seen that the treatment with 10 cycles had not influence on fiber strength. However, for treatment with 20 cycles a reduction up to 36% in tensile strength due to modification of fiber structure is observed. *Means followed by equal letters (a, b or c) within each column are significantly equal and means followed by equal letters (x, y or z) within each line are significantly equal according to the Tukey test (p < 0.05).
b) Pull-out behavior and flexural properties of composites
The pull-out test is important by itself as it simulates the fiber bridging-pull-out phenomenon during the fracture process of sisal cement composites. Results of untreated and treated fiber pullout test using cement mortar as the matrix are presented in a force-slip diagram in Figure 11 . Sisal based-materials submitted to 20 cycles of this treatment was not used due to a higher reduction of tensile strength. All the studied fibers were entirely pulled-out from the cement matrix without any breakage.
Observing the load-slip curves for all fibers ( Figure 11 ) and to make a comparison with schematic load-slip behavior (BARTOS, 1981) it is possible to verify that the treatment improved the interfacial bond between fiber and matrix, mainly in the elastic and de-bonding stages. In the frictional stage the fiber treatment is not effective.
For the untreated fiber, the interfacial transition zone between cement matrix and natural fibers is porous and cracked (SAVASTANO JR & AGOPYAN, 1999) due to the poor interface that results in the incompatibility between the hydrophilic fiber and the matrix (VALADEZ-GONZALEZ et al., 1999) . During the drying of the composite, the fiber has a significant shrinkage and cracks develop in the interfacial zone, even before the application of loads. The de-bonding is then the result of the propagation of the fracture in interface.
In treated fiber, the hornification process results in the reduction of lumen and consequently of water absorption capacity. Thus, the preexisting cracks due shrinkage of the matrix are smaller, which increases the adhesion between the fiber and the matrix.
The average interfacial strength calculated using Eq.1 for the pull-out test is presented in Table 2 . It can be observed that the fiber treatment increased the bond strength, regardless of the type of the fiber. This increase was about 55%, 47% and 19% for sisal fiber, refugo and field bush, respectively.
The flexural strength of cement-based composites reinforced with sisal fiber and sisal residues are shown in Table 2 . The addition of untreated sisal fiber, refugo or field bush increases the flexural strength of about 24%, 65% and 16%, compared to the matrix, respectively. For flexural strength, the fiber treatment provokes a negative effect on composite reinforced with refugo or field bush with reductions of 23.1 and 6.3%, respectively, compared to composites reinforced with untreated fibers. However, the toughness has improved for refugo reinforced composites after treatment of this fiber.
FIGURE 11. Effect of the fiber treatment on pull-out behavior Typical three-point bending curves are shown in Figure 12 . The same behavior on the flexural test was observed for all mixtures: an elastic linear behavior is observed up to the point where the matrix cracks and the post cracking range was characterized by a single cracking formation and the pull-out of fibers. Composites show a sudden drop loading after the first cracking and then keep the load constant until fibers were pulled out of the matrix in the cracked region. For treated refugo reinforced composite an increase of the load after sudden failure higher than for sisal fiber reinforced composite is observed. The subsequent increase in load indicates that the fibers, at this stage of deflection, were still effective in redistributing the stresses into the matrix. This is a result of better adhesion between the fiber and the matrix which transfers the load between the cracks.
Compared with untreated sisal fiber reinforced composites, an increment of toughness of refugo reinforced composites is verified in Figure 12 . For the reinforced composite with field bush the modification of fiber after treatment does not result in increment of toughness and the loaddisplacement behavior was maintained. 
CONCLUSIONS
This study demonstrated the potential of the use of sisal residues as reinforcement of cementbased composites. Based on the results the following conclusions can be drawn.
The sisal fibers residues, refugo and field bush, have a smaller diameter and a lower mechanical strength than the sisal fibers. Unlike sisal fiber, in sisal residues, holes and rupture of the lateral wall of the fiber can be observed.
The treatment of fibers and residues, with 10 and 20 wet-dry cycles, demonstrates that the application of 10 cycles had a minor influence on the strength and structure of the fiber. Thus, for 20 cycles an important reduction of strength is observed.
SEM micrographs of the fiber surface indicate a reduction of volume of lumen and the presence of micro-cracks across the fiber cells and the sidewall after treatment. Field bush fibers showed the most important deterioration due to wet-dry cycles with total separation of fiber cells indicating a possible dissolution of middle lamellae. However, the FTIR analysis indicates that the treatment applied does not alter the chemical structure of the fibers and sisal residues.
The interfacial shear strength between treated fibers and cement-based matrix was significantly superior to that of untreated ones. The wet-dry cycles reduces the water absorption capacity and dimensional variation of the fibers, which results in reduced amount of cracks in the interfacial zone before the application of loads.
The post peak behavior and toughness of cement-based composite reinforced with refugo submitted to 10 cycles of treatment increased due to the improvement of the interface bond between the fiber and matrix and resulted in a composite with better flexural behavior than untreated sisal fiber reinforced composite.
